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The tautomerism of neutral hypoxanthine and allopurinol in the gas phase and in aqueous solution
has been examined by theoretical methods. The tautomeric equilibrium in the gas phase was studied
from semiempirical and ab initio quantum mechanics (QM) and also from density functional theory
(DFT) calculations. Electron correlation effects were included in ab initio computations at the
Mgller—Plesset level, and DFT calculations were carried out using the Becke3—Lee—Yang—Parr
functional. The influence of the solvent was examined from self-consistent reaction field calculations

performed with different continuum models.

The results provide a detailed picture of the

tautomerism of these biologically relevant compounds. Comparison with available experimental
data provides support for the quality of results derived from theoretical computations. Inspection
of the most stable tautomeric forms allows discussion of the functional implications of tautomerism
for recognition and binding of these molecules to xanthine oxidase.

Introduction

Tautomerism determines the specific pattern of hy-
drogen-bond donors and acceptors available to a specific
molecule. It determines the ability of the molecule to
establish interactions with other compounds. Indeed, the
structural differences between tautomers also modulate
the reactive pathways of the molecule for attack of
nucleophilic and electrophilic reagents. The equilibrium
between tautomers is largely influenced by the attach-
ment of particular substituents to the “core” of the
molecule, and the marked role played by the solvent in
determining the relative population of tautomers has also
been recognized.! The susceptibility of the tautomeric
equilibrium to the environment, i.e., the presence of
substituents, solvation in polar or apolar solvents, or the
transfer between different solvents, has been the subject
of many studies.?® This tautomeric susceptibility offers
a wide range of possibilities in the design of molecules.
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The importance of tautomerism for recognition between
molecules is crucial in biochemical and pharmacological
research. This is clearly illustrated by the intense
research effort devoted to the tautomerism of nucleic acid
bases.* The maintenance of genetic information, which
is determined by the hydrogen-bonded pairing between
adenine—thymine and guanine—cytosine, ultimately re-
lies on the existence of purine and pyrimidine bases in
definitive tautomeric forms. The standard Watson—
Crick pairing between the canonical tautomers also
provides a specific pattern of hydrogen-bond interactions
in both the major and minor grooves,® which allows DNA
to be read without the opening of the double helix.
Indeed, the appearance of mutations in DNA has been
related to minor tautomeric forms.126

Less attention has been paid to the primordial role of
tautomerism in other relevant biological phenomena, like
the enzymatic degradation of purine and pyrimidine
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Figure 1. Representation of the enzymatic process catalyzed
by xanthine oxidase.

nucleic bases. The importance of tautomerism in the
degradation of purine nucleosides by adenosine deami-
nase (ADA, EC 3.5.4.4) has been demonstrated by our
group.” ADA is a key enzyme in the catabolism of
adenosine that catalyzes its conversion to inosine. This
latter nucleoside is subsequently hydrolyzed, yielding the
ribose and the purine base, hypoxanthine (1,7-dihydro-
6H-purin-6-one), which is occasionally found in minor
amounts as a constituent of transfer RNA.2 As an
intermediate product in purine catabolism, hypoxanthine
is oxidized to xanthine and eventually to uric acid in man.
Defects in purine metabolism increase the content of uric
acid and lead to the deposition of sodium hydrogen urate
monohydrate crystals in joints. This disease, known as
gout, is clinically treated by the antihyperuricemic drug
allopurinol® (pyrazolo[3,4-d]pyrimidin-6-one), which has
also been used in conjunction with anticancer drugs that
impede RNA biosynthesis and as adjunct therapy com-
bined with 6-mercaptopurine in the treatment of leuke-
mia.t0

Xanthine oxidase (xanthine:O, oxidoreductase; EC
1.2.3.2) catalyzes the conversion of hypoxanthine to
xanthine (see Figure 1). This enzyme, and the related
xanthine dehydrogenase (xanthine:NAD* oxidoreductase;
EC 1.2.1.37), are composed of two equivalent, indepen-
dent subunits.'! Each subunit contains one molybdenum
atom, one molecule of flavin adenine dinucleotide (FAD),
and two distinct iron—sulfur clusters. A pterin cofactor,
which seems to coordinate with the molybdenum via its
dithiolene side chain, may modulate the reactivity of the
molybdenum center and/or its reduction potential.’?> In
addition, a phosphoserine residue seems to be present
at the active site, but a specific role for this group remains
to be established. The enzyme contains two spatially
separated substrate-binding sites communicated by an
internal electron transport chain, which transfers elec-
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trons from the reducing substrate to the oxidizing agent.
The enzyme follows a two-site ping-pong mechanism,1¢13
in which all the prosthetic groups participate in the
electron transport chain.

This topographical arrangement permits two different
strategies in the design of inhibitors of xanthine oxidase,
i.e., inhibitors acting at the purine binding site or in the
electron transport chain. Thus, benzimidazole deriva-
tives have been found to be tight binding inhibitors at
the FAD cofactor site.!* Purine-like inhibitors acting at
the hydroxypurine site, like allopurinol, have also been
designed.’> However, they can have the undesirable
effect of interfering with other aspects of purine metabo-
lism.1®* Knowledge of the molecular interactions that
modulate the binding to the purine site would be very
helpful in the design of potent, specific inhibitors lacking
secondary effects.

Allopurinol closely resembles hypoxanthine (Figure 1),
since they differ only in the position of the nitrogens in
the five-membered ring. Accordingly, a common pattern
of potential interactions is expected upon anchoring of
the two molecules at the purine active site. This would
be modulated by the tautomerism at the imidazole and
pyrazole rings, in addition to the lactam—Ilactim equilib-
rium at the six-membered ring. In this study, we
examine the tautomerism of hypoxanthine and allopu-
rinol in the gas phase and in aqueous solution. Ab initio
guantum mechanical methods at the SCF and Mgller—
Plesset levels and density functional calculations are used
to explore the tautomeric preference in the gas phase.
The solvent effect is introduced by self-consistent reaction
field continuum methods. Inspection of the tautomeric
preference allows discussion of the functional implica-
tions of tautomerism in the recognition of these sub-
strates by xanthine oxidase.

Methods

The study of all the tautomers of hypoxanthine and allopu-
rinol at a high ab initio quantum mechanical (QM) level is
exceedingly expensive. Accordingly, a stepwise elimination
scheme was used, in which the relative stability between all
the tautomers was determined at a low level of QM theory,
and only the most stable species were further analyzed at the
highest level. Thus, the stability in the gas phase was
determined at the AM1'” semiempirical level, and the influence
of hydration on the tautomerism was estimated from AM1-
SCREF calculations (see below). Those tautomers whose stabil-
ity was less than 15 kcal/mol above that of the most stable
species (either in the gas phase or in aqueous solution) were
considered for further analysis at the ab initio level. Initially,
gas phase geometry optimization at the HF/6-31G(d)® level
was performed. In all cases the nature of the minimum energy
structure was verified by frequency analysis. The solvent
effect was estimated by ab initio 6-31G(d) SCRF calculations
(see below). Typically, those tautomers whose free energy
difference was less than 10 kcal/mol above that of the most
stable species (either in the gas phase or in aqueous solution)
were considered in the final part of the study.

(13) Coughlan, M. P.; Rajagopalan, K. V. Eur. J. Biochem. 1980,
105, 81.

(14) Skibo, E. B. Biochemistry 1986, 25, 4189.

(15) (a) Hille, R.; Massey, V. Pharmac. Ther. 1981, 14, 249. (b)
Hawkes, T. R.; George, G. N.; Bray, R. C. Biochem. J. 1984, 218, 961.

(16) (a) McCollister, R. J.; Gilbert, W. R., Jr.; Ashton, D. M,
Wyngaarden, J. B. J. Biol. Chem. 1964, 239, 1560. (b) Krenitsky, T.
A.; Elion, G. B.; Strelitz, R. A.; Hitchings, G. H. J. Biol. Chem. 1967,
242, 2675. (c) Chalmers, R. E.; Parker, R.; Simmonds, H. A.; Snedden,
W.; Watts, R. W. E. Biochem. J. 1969, 112, 527

(17) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. J.
Am. Chem. Soc. 1985, 107, 3902.

(18) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213.



5966 J. Org. Chem., Vol. 61, No. 17, 1996

In the final study single point calculations at the SCF and
MP2% levels were carried out with the 6-314+G(d,p) basis.?
In addition, density functional calculations (DFT) were per-
formed with the Becke3—Lee—Yang—Parr (B3LYP) func-
tional.?* The HF/6-31G(d) optimized geometry was used in all
these calculations. Previous studies have shown that the
refinement of structural parameters at higher computational
levels has little effect on the tautomerism of closely related
structures.*™ In all cases, zero-point energies and thermal and
entropic corrections were computed from the HF/6-31G(d)
geometries in the rigid rotor—harmonic oscillator approxima-
tion using the standard procedure in Gaussian 92-DFT.2 A
temperature of 298 K was considered for the calculation of
thermal and entropic corrections.

The free energy of tautomerization in aqueous solution was
determined according to eq 1. Relative free energies of
hydration (AAGa—-g?9) were computed from the absolute free
energies of hydration (AGA™Y, AGg™Y) as determined from
SCRF calculations performed with the AM12® and ab initio
6-31G(d)** optimized versions of the continuum model devel-
oped by Miertus, Scrocco, and Tomasi (MST).?> The corre-
sponding gas phase optimized geometries were used in calcu-
lations, since small geometrical effects are expected for rigid
molecules like those considered here.” Nevertheless, in order
to assess the relevance of solvent-induced geometrical changes
on the stability of tautomers, AM1—SM2 calculations?® were
performed using the gas phase AM1 geometry and by optimiz-
ing the geometry in aqueous solution.

AGY ;= AGTS, + AGY? — AGY? = AGES, + AAGYY,
1

Gas phase calculations were carried out using the MO-
PAC93-Rel.A?” and Gaussian 92-DFT?%22 computer programs.
MST calculations were performed with locally modified ver-
sions of MOPAC93-Rel A and MonsterGauss.?® AM1-SM2
calculations were performed using the AMSOL program?®
developed by Cramer and Truhlar. All simulations were
performed on the Cray-YMP of the Centre de Supercomputacio
de Catalunya and on HP and SGI workstations in our
laboratory.

Results

Tautomerism of Hypoxanthine and Allopurinol
in the Gas Phase. Seven tautomers of hypoxanthine
were considered in the final study after screening® in
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Figure 2. Representation of the seven tautomeric forms of
neutral hypoxanthine included in the final study after the
stepwise elimination process (see text for details).

Table 1. Differences in Energy, Enthalpy and Free
Energy in the Gas Phase (Relative to the Tautomer H19)
for Selected Tautomers of Hypoxanthine Determined at
the Computational Levels: (A) HF/6-31G(d)//HF/6-31G(d);

(B) HF/6-31+G(d,p)//HF/6-31G(d); (C) MP2/6-31+G(d,p)//

HF/6-31G(d); (D) B3LYP(6-31+G(d,p))//HF/6-31G(d)2

tautomer method AE AH AG
H17 A 0.1 0.2 0.1
B -0.4 -0.4 -0.4

C -0.9 -0.9 -0.9

D -0.8 -0.8 -0.8

H39 A 21.4 20.7 20.1
B 20.8 20.2 195

C 21.2 20.5 19.9

D 20.2 19.6 18.9

H37 A 8.5 8.3 8.1
B 7.6 7.5 7.2

C 7.2 7.1 6.9

D 6.7 6.6 6.3

H96t A 5.1 4.9 5.0
B 3.2 3.0 3.1

C 3.1 2.8 2.9

D 4.3 4.0 4.1

H96¢ A 35 3.3 3.4
B 1.6 1.4 15

C 1.9 1.6 1.7

D 2.8 2.6 2.7

H76¢ A 7.2 6.8 6.8
B 5.1 4.7 4.7

C 4.2 3.8 3.8

D 5.3 4.9 4.9

a The nomenclature for the tautomers is given in Figure 2. All
values are in kcal/mol.

the stepwise elimination protocol (see Methods): four
keto (H19, H17, H39, and H37) and three enol (H96t,
H96¢, and H76c¢) forms, which are shown in Figure 2. At
the MP2/6-31+G(d,p) level (method C in Table 1), the
keto tautomer H17 is the most stable tautomer in the
gas phase. The difference in stability due to proton
tautomerism between nitrogens N7 (H17) and N9 (H19)
is small (less than 1 kcal/mol). Tautomerism between
six-membered ring nitrogens, N1 and N3, clearly favors
the N1—H form, since the relative free energy difference

(30) Detailed results of the screening in the stepwise elimination
scheme are available upon request to the authors.
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Figure 3. Representation of the seven tautomeric forms of
neutral allopurinol included in the final study after the
stepwise elimination process (see text for details).

between tautomers H17 and H37 amounts to around 8
kcal/mol. The preference for the N1—H tautomer is even
greater when the H19 and H39 forms are considered.
This is probably due to increased repulsion between the
hydrogen atoms bound to N3 and N9 in this latter form.
The stability of the three enol species relative to the
tautomer H17 ranges from 2.6 to 4.7 kcal/mol, revealing
that they are more stable than the N3—H keto forms.

Seven tautomers of allopurinol (Figure 3) were also
selected after the stepwise elimination protocol: four keto
(Al19, A18, A39, and A38) and three enol (A96t, A96c,
and A86¢) forms. The free energy differences relative to
the tautomer A19 at the different levels of theory for
selected tautomers are given in Table 2. The preferred
species in the gas phase is the keto tautomer A19. At
the MP2/6-31+G(d,p)//HF/6-31G(d) level the tautomer
A18 is destabilized by 3.0 kcal/mol. As was found for
hypoxanthine, the two N3—H keto tautomers are less
stable than the N1—H species by at least 9 kcal/mol, the
tautomer A38 being around 5 kcal/mol more stable than
the form A39. Again, the enol species are preferred over
the N3—H keto tautomers, but they are largely disfavored
in the gas phase. Thus, A96c is less stable than A19 by
4.2 kcal/mol at the MP2/6-31+G(d,p)//HF/6-31G(d) level,
whereas the species A96t and A86¢c are destabilized by
around 10 kcal/mol.

It is interesting to compare the different theoretical
estimates reported in Tables 1 and 2. The size of these
molecules prevents high-level ab initio calculations to be
performed, and confidence in the results must be gained
from the convergence achieved as the computational level
is increased. Furthermore, this comparison may indicate
alternative less expensive methods of calculation than
the MP2/6-31+G(d,p) one. Comparison of the results
shows a close agreement between relative stabilities
determined at the SCF-RHF and MP2 levels when the
6-31+G(d,p) basis set is used. This agreement extends,
in general, to calculations at the HF/6-31G(d) level, giving
confidence in the stepwise elimination protocol adopted
in this study. Finally, small differences are found
between the results determined from calculations at the
MP2 and DFT levels, which supports the relative stabili-
ties of tautomers.
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Table 2. Differences in Energy, Enthalpy and Free
Energy in the Gas Phase (Relative to the Tautomer Al19)
for Selected Tautomers of Allopurinol (see Table 1 for
Computational Methods)?

tautomer method AE AH AG
Al18 A 49 49 49
B 4.7 4.7 4.8

C 3.0 3.0 3.0

D 3.6 3.6 3.7

A39 A 19.0 18.4 17.8
B 18.5 17.9 17.9

C 18.9 18.4 17.8

D 18.1 175 17.0

A38 A 14.2 13.9 13.7
B 13.7 13.4 13.1

C 13.2 13.0 12.7

D 12.6 12.3 121

A96t A 13.0 125 125
B 11.3 10.8 10.8

C 10.3 9.8 9.8

D 111 10.7 10.6

A96¢ A 6.3 6.0 6.1
B 4.6 4.3 4.4

C 4.4 4.1 4.2

D 5.1 4.8 49

A86¢c A 16.7 16.5 16.7
B 14.8 14.6 14.8

C 10.4 10.2 104

D 12.4 12.2 12.4

a The nomenclature for the tautomers is given in Figure 3. All
values are in kcal/mol.

Table 3. Differences in the Free Energies of Hydration
(Relative to the Tautomer H19) of Selected Tautomers of
Hypoxanthine2

AMSOL AMSOL MST MST
tautomer (AM1-SM2,g) (AM1-SM2,s) (AM1) (6-31G(d))
H17 1.6 1.7 1.0 0.7
H39 -5.3 6.7 -84 -9.6
H37 -1.6 2.3 -1.2 -1.7
Ho6t 3.3 4.0 49 5.2
H96c 2.9 35 42 5.2
H76c 2.7 3.1 2.7 36

a AMSOL (AM1—-SM2) calculations were performed with the
geometry optimized in the gas phase (AMSOL (AM1-SM2,g)) or
with geometry optimization in solution (AMSOL (AM1—SM2,s)).
MST calculations were performed at the AM1 (MST (AM1)) and
6-31G(d) (MST (6-31G(d))) levels using the corresponding gas
phase optimized geometry. All values are in kcal/mol.

Tautomerism of Hypoxanthine and Allopurinol
in Aqueous Solution. The solvent effect on tautomer-
ism was examined by SCRF semiempirical and ab initio
calculations with a 2-fold purpose. First, the influence
of solvent-induced geometry changes on the relative
stability of tautomers was investigated from AM1—-SM226
calculations. Second, the magnitude of the solvent effect
on the relative stability was examined using two different
continuum models: the generalized Born model as
implemented in AM1—-SM2 and the MST?324 version of
the polarizable continuum method.?> MST calculations
were performed at the semiempirical AM1 and ab initio
HF/6-31G(d) levels. Comparison of the corresponding
free energies of hydration allowed us to assess the
reliability of the solvent-induced changes in the relative
stability of tautomers.

The differences in the free energy of hydration
(AAGA—g™9) determined from AMSOL AM1-SM2 and
MST continuum calculations for selected tautomers of
hypoxanthine and allopurinol are given in Tables 3 and
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Table 5. Free Energies of Tautomerization (AGa-—-g29;
Relative to the Tautomer H19) of Selected Tautomers of
Hypoxanthine2

AMSOL AMSOL MST MST
tautomer (AM1-SM2,9) (AM1-SM2,s) (AM1) (6-31G(d))
A18 -1.8 -2.0 -3.2 —-2.6
A39 —-5.5 —6.8 -7.5 —8.0
A38 —4.9 —-5.7 —-5.7 —-5.2
A96t 34 4.1 1.9 1.3
A96¢ 3.6 41 3.8 4.4
A86c -1.3 —-2.0 —-1.6 0.1

a All values are in kcal/mol.

4. The relative free energies of hydration determined
from AMSOL calculations using the gas phase geometry
or upon geometry optimization in aqueous solution are
very similar. The largest variation, which amounts to
1.4 kcal/mol, is found for the tautomer H39. However,
this change is not relevant, since the free energy differ-
ence of this tautomer with respect to the most stable
species (H17) in the gas phase is much larger (around
21 kcal/mol). The root mean square deviation in relative
free energies of hydration upon geometry optimization
amounts to 0.6 kcal/mol for the rest of the tautomers.
This suggests that changes in structural parameters do
not significantly modify the relative free energy of
hydration of the tautomers and supports the use of gas
phase geometries in MST calculations.

The results given by AM1—-SM2 and MST calculations
show good agreement. Despite some differences in the
relative free energies of hydration, a notable qualitative
agreement is found between the results determined from
AM1-SM2 and MST (semiempirical and ab initio) cal-
culations, which is even more remarkable bearing in
mind the different functional forms of these two SCRF
continuum models. All the methods indicate a prefer-
ential hydration of the N3-H keto tautomers (H39, H37,
A39, and A38) over the N1—H keto species (H19, H17,
Al9, and A18). For hypoxanthine, the N9—H tautomers
H39 and H19 are better hydrated than the corresponding
N7—H forms (H37 and H17). Such a preference is 4 kcal/
mol or even larger for the N3—H tautomers and varies
between 0.7 (MST/6-31G(d)) and 1.7 (AM1—SM2) kcal/
mol for the N1—H species. Different behavior is found
for allopurinol. The tautomer A39 is also better hydrated
than the A38. However, the solvent-induced stabilization
of the tautomer A18 is larger (around 2—3 kcal/mol) than
that estimated for A19. Finally, all the enol forms, with
the exception of the species A86¢c, are greatly destabilized
upon solvation.

The relative free energies of hydration determined from
AMSOL and MST calculations (Tables 3 and 4) were
subsequently used to estimate the differences in the free
energy of tautomerization in aqueous solution (AGa—g?9)
according to eq 1. The free energy of tautomerization in
the gas phase (AGa-g%) was taken from the value
computed at the MP2/6-31+G(d,p)//HF-6-31G(d) level
(Tables 1 and 2). Values of AGa—g?% for tautomers of
hypoxanthine and allopurinol are reported in Tables 5
and 6, respectively.

The relevance of the solvent effect on tautomerism of
hypoxanthine is apparent from comparison of the results
in Tables 1 and 5. The tautomer H17, the most stable
species in the gas phase, is destabilized with regard to
H19 upon solvation. Depending on the method used to
compute the relative free energy of hydration, the stabil-
ity of H17 is similar to (—0.2 kcal/mol according to the
MST(6-31G(d)) method) or lower than (0.7 kcal/mol

tautomer AGa_g?d AMSOL  AG,_gad-MST(AML)  AG,_gad-MST(6-316(d)

H17 0.7 0.1 —0.2
H39 14.6 11.5 10.3
H37 53 5.7 5.2
HO96t 6.2 7.9 8.1
H96¢ 4.6 5.9 6.9
H76¢ 6.5 6.5 7.4

@ The values were estimated from the addition of the free
energy of tautomerization in the gas phase at the MP2/6-
31+G(d,p))//HF/6-31G(d) level to the free energy of hydration
determined from AMSOL (AM1-SM2), MST (AM1), and MST (6-
31G(d)) calculations (eq 1). All values are in kcal/mol.

Table 6. Free Energies of Tautomerization (AGa—g29;
Relative to the Tautomer A19) of Selected Tautomers of
Allopurinol (see Table 5 for Computational Methods)?2

tautomer AGAABaq—AMSOL AGAﬁgaquST(AMD AGAQBaquST(Gfi«XlG(d))

Al8 12 —-0.3 0.5
A39 12.4 10.3 9.8
A38 7.8 5.2 7.5
A96t 13.2 11.7 11.1
A96¢ 7.8 8.0 8.6
A86C 9.1 8.8 10.5

a All the values are in kcal/mol.

according to AM1—-SM2) the value estimated for H19.
Despite the large stabilization of the two N3—H keto
tautomers induced upon solvation (Table 3), these species
are less stable than the N1—H keto forms by more than
5 kcal/mol. Indeed, because of the solvent-induced
destabilization, the enol forms are less favored than in
the gas phase, the free energy difference being at least
4.6 kcal/mol with respect to the H19 species.

The free energies of tautomerization in agueous solu-
tion for tautomers of allopurinol are reported in Table 6.
The solvent also has a great influence on the relative
stabilities of tautomers. The tautomer A18, which is less
stable than the A19 in the gas phase by 3.0 kcal/mol at
the MP2/6-31+G(d,p)//HF-6-31G(d) level, is clearly sta-
bilized upon solvation. The free energy difference with
respect to the species A19 ranges from —0.3 kcal/mol to
1.2 kcal/mol, when the MST(AM1) and AM1—-SM2 values
are considered. Despite the large solvent-induced sta-
bilization of the N3—H keto tautomers, they are still
disfavored by 5 kcal/mol or more. Finally, the enol forms
are disfavored in aqueous solvent by at least 8 kcal/mol.

Discussion

High-level QM ab initio calculations and SCRF con-
tinuum methods provide a detailed picture of the tau-
tomerism of hypoxanthine and allopurinol in the gas
phase and in aqueous solution. Analysis of the relative
stabilities of the different tautomeric species can be used
to elucidate the reactive characteristics of these two
molecules. In particular, inspection of the potential
interactions of the preferred tautomers with hydrogen-
bond donors and acceptors can be used to gain insight
into their recognition pattern at the active site of xan-
thine oxidase.

The reliability of the results for hypoxanthine and
allopurinol in the gas phase is supported by the agree-
ment found between SCF and MP2 values when a large,
flexible basis set is used. The similarity with the results
determined within the nonlocal DFT formalism gives
further confidence. The influence of higher order cor-
relation effects on the tautomeric preference in the gas
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phase determined at the MP2/6-31+G(d,p)//HF/6-31G(d)
level for hypoxanthine and allopurinol is expected to be
small, as suggested by the results reported in recent
studies. Thus, a negligible effect is expected for the
proton tautomerism between nitrogens according to the
MP2 and MP4 results reported for tautomers of imid-
azole®@ and 7-aminopyrazolopyrimidine.” Indeed, a small
difference is found between the MP2 and MP4 results
determined with the 6-311++G(d,p) basis for the relative
stability of keto and enol forms of guanine and cytosine
(see ref 7m and references therein). A similar finding is
observed for the tautomerism of 3-hydroxypyrazole in-
volving keto and enol forms, since extension from MP2
to MP4 or coupled-cluster single- and double-excitation
calculations has a small effect on the relative energies.3®
Finally, treatment of electron correlation using the
second-order perturbation theory has a relevant effect on
the relative energies between the oxo and hydroxy forms
of 5-hydroxyisoxazoles,® much larger than the effect due
to higher order effects at either MP4 or coupled-cluster
levels of theory. On the other hand, despite some
numerical uncertainties in the values of the relative free
energies of hydration, the agreement found between
values derived from AM1—-SM2 and MST calculations is
good. This gives confidence in the theoretical estimates
of the solvent influence on the relative stabilities of the
tautomers in aqueous solution.

The present results indicate that hypoxanthine can be
found in the gas phase as a mixture of two predominant
tautomeric forms: the N1—H keto species H17 and H19.
According to our best estimate, the tautomer H17 is 0.9
kcal/mol more stable than H19. This value is in reason-
able agreement with previous semiempirical results
determined at the CNDO/2 level.3* However, this finding
is in contrast with recent HF calculations® performed
with the 6-31G(d,p) and MIDI basis sets, which indicate
that the H19 species has a similar stability or is even
more stable than the H17 tautomer. It is worth noting
that our HF/6-31G(d) results also indicate a similar
stability between the two tautomers, but extension of the
basis set and inclusion of correlation effects results in
the H17 form are preferred in the gas phase.

The population of N3—H keto tautomers is negligible,
since they are largely destabilized by at least 8 kcal/mol
with respect to the species H17. However, a small
fraction of enol forms cannot be ruled out, since the
tautomer H96¢ is 2.6 kcal/mol less favored than H17.
According to the relative stabilities determined at the
MP2/6-31+G(d,p) level for the species H17, H19, and
H96¢, the population of these tautomers in the gas phase
is 81%, 18%, and 1%, respectively. This agrees with
experimental evidence gained from ultraviolet photoelec-
tron spectra, which clearly indicates that the tautomer
H17 is more stable than H19 in the gas phase.3?

Allopurinol can be found in the gas phase mainly in
the tautomeric form A19. At the MP2/6-31+G(d,p) level
the free energy difference with respect to the next most
stable tautomer (A18) is 3 kcal/mol, which is somewhat
lower than the estimate of 5.4 kcal/mol derived from HF/
MIDI calculations.® The large difference in stability

(31) Pullman, B. In Jerusalem Symposia on Quantum Chemistry
and Biochemistry; Bergmann, E. D., Pullman, B., Eds.; Jerusalem,
1970; Vol. 2, p 292.

(32) Nonella, M.; Hanggi, G.; Dubler, E. THEOCHEM 1993, 279,
173

(33) Lin, J.; Yu, C.; Peng, S.; Akiyama, I.; Li, K.; Kao-Lee, L.;
LeBreton, P. R. J. Phys. Chem. 1980, 84, 1006
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(>12 kcal/mol) precludes N3—H keto tautomers. Indeed,
the presence of enol forms is ruled out, except in the case
of A96¢c, whose relative stability is 4.2 kcal/mol. From
these values the population in the gas phase of tautomers
A19, Al18, and A96c is predicted to be 99.3%, 0.6%, and
0.1%, respectively. Unfortunately, to our knowledge
there are no experimental data available for comparison,
although the estimated free energy differences are large
enough to guarantee the predominance of tautomer A19.

Solvation greatly modulates tautomerism of hypoxan-
thine. The most relevant effect is the solvent-induced
stabilization of H19, which varies from —0.7 to —1.7 kcal/
mol depending on the method used to estimate the free
energy of hydration. This suggests a change from the
gas phase, since the stability of the two N1-H keto
tautomers becomes more similar upon solvation. In fact,
our estimates of the free energy difference between these
tautomers range from —0.2 to +0.7 kcal/mol. The N3—H
keto tautomers are stabilized upon solvation, but they
are still disfavored by more than 5 kcal/mol with respect
to the H19 form. Moreover, the enol tautomers are
destabilized by at least 4.6 kcal/mol. Therefore, only the
N1—H keto tautomers (H19 and H17) are expected in
aqueous solution. A precise determination of the tau-
tomer population is not feasible because of the range of
error in the calculations, but there must be significant
fractions of both H19 and H17. According to the present
results, the population of tautomer H19 ranges between
42% and 77%.

Experimental evidence clearly indicates that hypoxan-
thine exists as the N1-H keto species in aqueous®* and
dimethyl sulfoxide®® solutions, and this is also the
structure determined crystallographically.3® Unfortu-
nately, experimental data on the tautomerism at the
imidazole ring are less conclusive. Thus, ultraviolet
spectra in aqueous solution suggest that H19 is predomi-
nant, but information gathered from NMR data is
equivocal.3 Protonation of hypoxanthine occurs at the
imidazole ring,3*¢37 and a recent study seems to suggest
that protonation probably occurs at N7, which indicates
that H19 is the predominant tautomer. 3C-NMR data
in dimethylsulphoxide solution indicates that the popula-
tion of H17 is around 58%.%> The crystal structure of the
compound isolated corresponds to the form H19,3 each
molecule being connected by six hydrogen-bonds to
neighboring molecules. Crystallographic studies of metal-
chelating hypoxanthine complexes have elucidated three
different coordination types.®® The first involves mono-
meric complexes with monodentate coordination to N7,
suggesting that the H19 tautomer predominates over the
H17 form. The second involves dimeric complexes in
which N3 and N9 act as chelating positions, suggesting
that H17 is more stable than H19. Finally, the third type
appears in polymeric complexes, where hypoxanthine

(34) (a) Psoda, A.; Shugar, D. Biochim. Biophys. Acta 1971, 247, 507.
(b) Medeiros, G. C.; Thomas, G. J., Jr. Biochim. Biophys. Acta 1971,
238, 1. (c) Lichtenberg, D.; Bergmann, F.; Neiman, Z. Isr. J. Chem.
1972, 10, 805. (d) Benoit, R. L.; Fréchette, M. Can. J. Chem. 1985, 63,
3053.

(35) Chenon, M. T.; Pugmire, R. J.; Grant, D. M.; Panzica, R. P.;
Townsend, L. B. 3. Am. Chem. Soc. 1975, 97, 4636.

(36) (a) Munns, A. R. I; Tollin, P. Acta Crystallogr. 1970, B26, 1101.
(b) Schmalle, H. W.; Hanggi, G.; Dubler, E. Acta Crystallogr. 1988,
C44, 732.

(37) lzatt, R. M.; Christensen, J. J.; Rytting, J. H. Chem. Rev. 1971,
71, 439.

(38) Tauler, R.; Cid, J. F.; Casassas, E. J. Inorg. Biochem. 1990,
39, 277.

(39) Dubler, E.; Hanggi, G.; Schmalle, H. Inorg. Chem. 1990, 29,
2518.
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coordinates through N3 and N7 to different metal ions,
suggesting now that H19 is more stable than H17. No
coordination through the N1 atom has been reported,
which confirms that the N1—H tautomers are more stable
than the N3—H. All this experimental evidence clearly
suggests that the N1—H tautomers are more stable than
those for N3-H. Furthermore, experimental results
suggest that the prototropic tautomerism at the imidazole
ring for N1—H keto tautomers is extremely sensitive to
the environment and that the stability of tautomers H17
and H19 in polar environments are unlikely to be very
different.

As was found for hypoxanthine, both the enol and
N3—H keto tautomers of allopurinol are clearly destabi-
lized with regard to the N1—H keto forms upon solvation,
and their populations in aqueous solution are expected
to be negligible. Nevertheless, the solvent has a marked
influence on the relative stability of A19 and A18, since
the latter is better hydrated. Thus, the stability differ-
ence between the two tautomers ranges from —0.3 to +1.2
kcal/mol upon solvation, which implies a change in the
tautomeric population with respect to the gas phase
situation, where A19 was the preferred, if not the only,
form. According to our best estimates, the population of
tautomer A19 ranges between 38% and 88% in aqueous
solution. As noted before for hypoxanthine, the present
results do not allow an accurate estimate of the most
stable tautomer, but they indicate that the two tautomers
probably coexist in aqueous solution.

Both ultraviolet spectra and **C-NMR data demon-
strate that allopurinol exists as a mixture of tautomers
A19 and A18 in aqueous solution.*® The crystal structure
of allopurinol corresponds to the form A19,* which
establishes a dense network of hydrogen-bond interac-
tions. Monodentate metal coordination of neutral al-
lopurinol through the N8 position is generally found,*
but metalation with rhodium occurs at the N9 position.*
Therefore, a subtle influence of the environment on the
equilibrium between tautomers A19 and A18 is also
apparent from these experimental data, which suggests
that the stability of these two tautomers must be similar.

It is known that the oxidation process catalyzed by
xanthine oxidase (XO) is carried out in such a way that
oxygen in transferred from a catalytically labile site in
the enzyme to the substrate. Structural studies indicate
that the molybdenum center consists of a MoOS unit, the
M=0 moiety being common to each of the oxomolybde-
num enzymes known up to date.!! The catalytically
labile oxygen is probably that of the M=O group, which
is regenerated from a solvent water molecule after being
incorporated into the substrate in the catalytic process.
Therefore, the position of the substrate susceptible to
oxidation must be placed close to the molybdenum center
upon binding to the enzyme.

The preceding discussion stresses that only the N1-H
keto tautomers of hypoxanthine and allopurinol are
significant in either the gas phase or in aqueous solution.
All share the same pattern of potential hydrogen-bond
interactions around the six-membered ring. The differ-
ences lie exclusively in the distribution of hydrogen-bond

(40) Bergmann, F.; Frank, A.; Neiman, Z. J. Chem. Soc., Perkin
Trans. 1 1979, 2797.

(41) Prusiner, P.; Sundaralingam, M. Acta Crystallogr. 1972, B28,
2148.

(42) Hanggi, G.; Schmalle, H.; Dubler, E. Acta Crystallogr. 1991,
C47, 16009.

(43) Sheldrick, W. S.; Gunther, B. Inorg. Chim. Acta 1988, 151, 237.
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Figure 4. Scheme of the potential hydrogen-bond interactions
for the most stable tautomers of hypoxanthine (H17 and H19)
and allopurinol (A18 and A19).

donor and acceptor groups at the imidazole and pyrazole
rings (Figure 4). If both hypoxanthine and allopurinol
bind specifically to the same catalytic site in the enzyme,
a common pattern of interactions for the “bioactive”
species is expected, since substrate recognition is modu-
lated by geometric and electrostatic complementarity
with the residues of the binding site. Indeed, it is
reasonable to assume desolvation of substrate upon
binding, and so interactions with groups at the catalytic
center properly position the substrate for enzymatic
reaction at a given site (oxidation of hypoxanthine and
allopurinol occurs at the carbon C2; see Figure 1).

The present results show that the equilibrium between
the N1—H keto tautomers is altered upon desolvation.
The biological importance of desolvation in the mecha-
nism of binding to xanthine oxidase is unclear, since the
polarity of the active site of the enzyme is unknown. A
notable contribution can be expected due to the presence
of molybdenum, but the polarity of the active site is
probably lower than that of water. The lack of details
on this prohibits a quantitative interpretation of the
results obtained here for gas phase and water.

The equilibrium between tautomers A19 and A18 of
allopurinol in solution is clearly shifted toward the form
A19 in the gas phase, whose population amounts to
around 99%. For hypoxanthine, our best estimates of the
relative stability in the gas phase indicate that tautomer
H17 (81%) is predominant, but tautomer H19 exists in a
significant fraction (18%), this latter form probably being
the main species in solution. Therefore, tautomers H19
and A19 may be the “bioactive” species at the catalytic
site. On this point, comparison of reaction rates of
different series of purines by bovine milk xanthine
oxidase suggested that attachment of rapidly oxidized
substrates may be mediated by interaction of the group-
ings N3—H,N9 or N3,N9—H.** The present results
clearly support the latter grouping, since the proton
tautomeric equilibrium between N1 and N3 both in the
gas phase and in aqueous solution is strongly displaced
toward the N1—H species.

Comparison of the corresponding hydrogen-bond sites
permits the definition of the basic pattern of interactions
with the substrate binding site, which is schematically
depicted in Figure 5. This approximated scheme agrees
well with experimental evidence available on the sus-

(44) (a) Bergmann, F.; Kwietny, H.; Levin, G.; Brown, D. J. 3. Am.
Chem. Soc. 1960, 82, 598. (b) Bergmann, F.; Levene, L. Biochim.
Biophys. Acta 1976, 429, 672.
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Figure 5. Scheme of the hypothetical recognition pattern at
the substrate binding site.

ceptibility of derivatives of hypoxanthine to oxidation by
xanthine oxidase.** Thus, all mono-N-methylated com-
pounds are not attacked by the enzyme or are oxidized
much slower (at least 2 orders of magnitude) than the
unmethylated hypoxanthine. This demonstrates the
importance of specific H-bond interactions in the recogni-
tion process and, consequently, the relevance of tautom-
erism in the mechanism of enzyme action. The scheme
assumes that differences between hypoxanthine and
allopurinol at positions 7 and 8 are not relevant for
substrate recognition. This is supported by the finding
that methylation at position 8 has no significant effect,
since the measured enzymatic activity is close to that
found for hypoxanthine. Indeed, the refractoriness of
7-methylhypoxanthine* can be attributed not to steric
hindrance of the methyl group, but rather to the fact that
this modification transforms N9 from hydrogen-bond
donor (Figure 5) to hydrogen-bond acceptor, which pre-
vents the interaction with the corresponding group at the
binding site.

Conclusion

The tautomerism of hypoxanthine and allopurinol
exhibits subtle changes depending on the environment.
Both in the gas phase and in aqueous solution tautom-
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erism at the six-membered ring is clearly displaced
toward the N1—H keto forms. The proton tautomerism
at the imidazole or pyrazole ring is more delicate. Our
results indicate that a mixture of N7—H and N9—H
species is expected in aqueous solution. In the gas phase,
nevertheless, allopurinol exists mainly in the N9—H
tautomer, whereas for hypoxanthine significant fractions
of N9—H and N7—H are expected, even though the latter
species predominates.

According to the relative stabilities of tautomers, it is
suggested that the “bioactive” species corresponds to the
(N1—H, N9—H) keto tautomer. Binding of substrate for
oxidation at position C2 is mainly directed by recognition
of the two neighboring pyrimidine nitrogens, whose
nature allows hydrogen-bond donor (N1—H) and acceptor
(N3) interactions with specific groups at the binding
pocket. Proper alignment is also provided by anchoring
of the carbonylic oxygen (O6) and the imidazole nitrogen
N9—H. All these potential interactions may define the
recognition pattern between substrate and enzyme.
Extension of the present studies to tautomerism of closely
related structures may provide an additional basis to test
the suitability of this scheme of interactions. The resolu-
tion of the 3-D structure of xanthine oxidase in the future
will determine the accuracy of the pharmacophoric
models presented here.

Acknowledgment. We thank Prof. J. Tomasi for a
copy of the MST routines, which were modified by us
to perform the present study, and Prof. G. Shields for
critical reading of this manuscript. We thank R. Rycroft
for helping us in the preparation of the manuscript. This
work was supported by the Centre de Supercomputacio
de Catalunya (CESCA, Mol. Recog. Project) and the
Direccion General de Investigacion Cientifica y Técnica
(PB93-0779 and PB94-0940).

JO960133W



